We investigated the Central Nervous System (CNS) and skeletal muscle tissue from A woman was clinically diagnosed with amyotrophic lateral sclerosis (ALS) at the age of 22. Neuropathologic evaluation showed upper and lower motor neuron loss, corticospinal tract degeneration and skeletal muscle denervation. Analysis of the patient's Deoxyribonucleic acid (DNA) revealed a AGT>GGT change resulting in an S375G substitution in the C-terminal region of TDP-43. This variant was previously reported as being benign. Considering the early onset and severity of the disease in this patient, we tested the effects of this genetic variant on TDP-43 localization, pre-mRNA splicing activity and toxicity, in parallel with the effects on known neighboring disease-associated mutations. In cell lines, expressed in culture, S375G TDP-43 appeared to be more significantly localized in the nucleus and to exert higher toxicity than wild-type TDP-43. Strikingly, a phosphomimic mutant at the same residue (S375E) showed a strong tendency to accumulate in the cytoplasm, especially under stress conditions, and molecular dynamics simulations suggest that phosphorylation of this residue can disrupt TDP-43 intermolecular interactions. The results of the current study highlight the importance of phosphorylation and regulation of TDP-43 nuclear-cytoplasmic shuttling/redistribution, in relation to the pathogenetic mechanisms involved in different forms of ALS.
INTRODUCTION
Recent studies have uncovered many mutations in the genes associated with the ALS/FTD spectrum (1) (2) (3) (4) . The study of these mutations has been very useful to establish a firm causative link between the proteins aggregating in the Central Nervous System (CNS) of the patients and the occurrence of disease. An important causative link between aggregation of specific proteins and disease has also been established for nuclear protein TDP-43, that is responsible for the formation of characteristic aggregates in the neurons of patients affected by ALS/FTD, but whose pathophysiological relevance was initially controversial (5) (6) (7) . In 2008, following the identification of TARDBP mutations, that segregate with disease, the role of the protein TDP-43 in the pathogenesis of amyotrophic lateral sclerosis (ALS) was firmly established (8) (9) (10) . To date, more than 50 TARBDP variants, associated with genetically determined ALS, have been reported (11, 12) . Pathogenic TDP-43 mutations occur mainly in familial and sporadic forms of ALS but have also been detected in cases of Frontotemporal Dementia (FTD) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
The low-complexity domain C-terminal region of TDP-43 appears to be the most affected by genetic variants. This region spans residues 262, at the end of RRM2 domain, to residue 414 at the protein's C-terminus, and is known to contain several subdomains, including the hydrophobic segments, Q/N-rich and Gly-rich. Similarly to what happens for other hnRNPs, the C-terminus of TDP-43 principally mediates protein-protein interactions allowing TDP-43 to play a role in many cellular processes, especially alternative splicing regulation (20) . In addition, several in vitro and in vivo studies have shown that these mutations in TARDBP may impact, to a variable degree, the basic biochemical properties of TDP-43, such as protein half-life, aggregation potential, stress granule recruitment or altered intracellular localization (11) . Furthermore, new focus has been also directed toward measuring the possible impact of TDP-43 mutations on the alteration of the non aqueous liquid microdroplets formed by this protein (21, 22) or alterations in the axonal transport and viscosity of TDP-43-containing RNP granules in neurons (23) (24) (25) (26) .
RNA processing, one of the best characterized functional properties of TDP-43 has often been reported to be a target of mutations (27) . In particular, using murine model systems, engineered to overexpress the well-known Q331K and M337V mutations, it has been shown that splicing alterations associated with TDP-43 mutations do occur in vivo (28) . Compared to mice expressing wild-type TDP-43, the transgenic mice displayed aberrant splicing alterations for many genes. The Q331K mice show unique splicing changes resulting in gain-of-function or loss-of-function that depend on the pre-mRNA substrate (28) . Consistent with these data, a cognitive dysfunction and a paucity of parvalbumin interneurons, due to alterations in the TDP-43 autoregulation process, has recently been demonstrated in a Q331K knock-in murine model (29) . On the other hand, splicingaffecting N-ethyl-N-nitrosourea ENU-derived mutations in the mouse TARDBP gene showed that an in vivo gainof-function, due to a single mutation (M323K), correlates with adult-onset neuromuscular phenotype characterized by motor neuron loss and neurodegenerative changes (30) .
Nonetheless, the impact of human pathogenic TARDBP mutations on the age at onset of disease and its progression is still not determined. In fact, patients harboring these mutations do not show marked differences related to age at onset or disease progression from the vast majority of patients (>95%) who do not carry any change in the TDP-43 sequence. This has been observed also for the cohort of more than one-hundred A382T-mutation carriers, living on the island of Sardinia (31) . Generally, these people do not develop any particular feature that can distinguish them from non-carrier ALS patients, the only possible exception being a younger age at onset when the mutation coexists with the C9ORF72 repeat expansion (32) .
The study of TARDBP mutations is important for several reasons. First, they might point to both the most important protein regions and the molecular pathways leading to ALS even in patients with aggregated wild-type TDP-43 (14) . Second, regardless of the possible effects of mutations at the protein level, the presence of nucleotide changes in the mRNA coding region allows mutant mRNA expression to be specifically targeted without affecting the wild-type transcript (33, 34) .
Aim of this study, was to characterize the TDP-43 S375G variant, that was identified in a case of early onset ALS.
The finding of a genetic variant, associated with an early onset form of ALS, made us reconsider its biological significance, since this substitution (previously described during the screening of a large cohort of familial and sporadic ALS patients) was interpreted as a variant of unclear pathological significance (Ensembl: rs766196255) (35) . In keeping with the initial classification, the prediction of its potential pathogenic effects using the PolyPhen and SIFT programs reported in ALSdb (variant: 1-11082589-A-G) suggested that this variant is "benign" and "tolerated," respectively (36) . We now provide detailed functional and structural analyses of the S375G substitution. The present findings strongly suggest that a revision of the characteristics of this TDP-43 variant is necessary. In fact, the current data support the concept that the S375 residue is a potential phosphorylation site and that its removal by the S375G mutation can alter the regulation of the TDP-43 nuclear-cytoplasmic localization and possibly lead to a disease condition.
MATERIALS AND METHODS

Patient and family history
The proband was followed over a period of 4 years. During the patient's clinical evaluation, testing of Deoxyribonucleic acid (DNA) from a blood sample was carried out at a commercial laboratory. Sequence alterations in SOD1, ANG, FIG4 and FUS genes were not identified; however, a change of unknown significance was found in the TARDBP gene.
Both parents of the proband are healthy and without clinical history of neurological disease. The patient's older siblings are healthy. One of the patient's parents had a cousin who was diagnosed with ALS after age 50. The other parent had a great uncle who was clinically diagnosed with ALS. Autopsies were not performed. A grandmother was reported to have died with late onset Alzheimer disease.
A detailed clinical history of the patient is reported in the Supporting Information.
Neuropathology
The brain and spinal cord were removed 24 h after death. The right hemi-brain was sectioned fresh. Coronal and transverse slabs were frozen and stored at −80°C. The left hemi-brain was fixed in 10% buffered formalin solution. A detailed description of the macroscopic and light microscopy examination of the CNS of the patient is reported in the Supporting Information.
Neurohistology
For the neurohistopathologic and immunohistochemical studies, formalin-fixed tissue blocks from multiple areas of the central nervous system were processed. The selected areas included middle frontal, primary motor, cingulate,
Immunocytochemistry
HeLa cells plated in p35 dishes with cover glasses inside (Corning-Costar, Corning, NY, USA) were transfected with the constructs of interest. After 24 h, they were fixed with 2 mL of 3.2% p-formaldehyde/PBS solution (32% Paraformaldehyde aqueous solution, Electron Microscopy Science) for 2 h at room temperature. After three washings with 2 mL of PBS each, the slides were permeabilized with 2 mL of 0.3% Triton/PBS for 5 minutes on ice. Then, cells were washed 3 times with 2 mL of PBS, blocked with 1.5 mL of 2% BSA/PBS for 20 minutes at RT, and incubated with the primary antibody overnight at 4°C. The day after, slides were washed and incubated with secondary antibody in 2% BSA/PBS for 1 h at room temperature in a dark humidified chamber. After this step, slides were incubated face down on a drop of Vectashield with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA, USA). Fluorescence was analyzed and quantified using a Nikon Eclipse C1 confocal microscope using (60x oil object). Qualitative and quantitative analyses were performed using ImageJ (37) . For the quantitative analysis, the regions of interest were selected and their fluorescence signals were measured (in arbitrary units). The average ratio between the cytoplasmic and nuclear signal, for each condition, was plotted in a grouped graph with standard deviation and number of analyzed samples using GraphPad software (GraphPad Software, La Jolla, CA, USA).
DNA extraction and genetic analysis
Permission from the next of kin was received for DNA analysis. Genomic DNA was extracted from frozen brain tissue using standard protocols (38) . The amplified products were examined by agarose gel electrophoresis. Remaining product was treated with ExoSAP-IT (USB, Cleveland, OH, USA) then asymmetrically amplified using the DTCS Quick Start Kit (Beckman Coulter, Fullerton, CA, USA). Products were analyzed on a CEQ 8000 GeXP Genetic Analysis System (Beckman Coulter). The resulting DNA sequences were compared to the known sequences (www. ncib.nlm.nih.gov).
Mutant TDP-43 production and add-back assay Using specific sets of primers (sequence available upon request) the S375G, S375E, G376D and N378D mutations were inserted in the previously described si-resistant plasmid expressing wild-type TDP-43 (39) . Briefly, in order to maximize TDP-43 silencing efficiency, HeLa cells were plated at 30% of confluence (day 0) and two rounds of TDP-43 siRNA transfections were carried out on days 1 and 2, according to the procedure already described (40) . On day 2 afternoon, co-transfection was performed with 1 μg of pFLAG-fusion protein expression vector and 0.5 μg of the CFTR C155T reporter minigene (40) . On day 3, cells were harvested, and total RNA was extracted with EuroGold Trifast (Euroclone, Milan, Italy). Reverse transcription was performed using M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol. PCR with DNA Polymerase (New England Biolabs, Ipswich, MA, USA) using minigenespecific primers was carried out for 35 amplification cycles (95°C for 45 s, 54°C for 45 s, 72°C for 45 s). The PCR products were analyzed using QIAxcel DNA Screening Kit capillary electrophoresis (Qiagen, Hilden, Germany). Expression levels of the added-back TDP-43 proteins were monitored through western blotting, using a commercially available rabbit polyclonal TDP-43 antibody (Proteintech, Chicago, IL, USA, catalog number 10782-2-AP). Endogenous tubulin was used as a loading control, using a mouse monoclonal antibody produced in-house.
Real time quantitative PCR
Total RNA was extracted from brain samples with miRNeasy Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. Generation of cDNA for Real Time PCR experiments (qPCR) was performed using Moloney murine leukemia virus (MMLV) Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) and exameric random primers, according to the manufacturer's protocol. Real time PCRs were performed on a CFX96 real time PCR detection system with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Real time PCR conditions were an initial temperature of 95°C for 2 minutes (activation of Hot Start Polymerase), and 40 cycles of 95°C for 15 s and 55°C for 30 s. PCR products were subsequently analyzed by a melting curve analysis. Relative TDP-43 expression (Forward primer: 5′-atctggtgtatgttgtcaactatcc-3′; Reverse primer:5′-gaacttctccaaaggtactaaaatactc-3′), determined by real time RT-PCR, was normalized to the expression of the housekeeper GAPDH (Forward primer: 5′-aaggtgaaggtc ggagtcaa-3′;Reverse primer: 5′-aatgaaggggtcattgatgg-3′) and using the ΔCt method as described in detail by Livak and Schmittgen (41) . The results represent the average and standard deviation of three independent experiments, each with two technical replicates.
LDH cytotoxicity assay
The LDH levels were measured using the kit CytoTox96 Non-Radioactive Cytotoxicity assay (Promega, Madison, WI, USA) according to manufacturer's instructions. Briefly, HeLa cells (6 × 10 4 ) were plated in 24-well plates in 500 μL of culture medium (D-MEM). After 24 h, the cells were transfected with 0.1 μg of plasmid expressing TDP-43 WT or the following point mutations: S375G; G376D; N378D or the truncation mutation Y374X, which lacks the last 40 C-terminal residues. After 24, 48 and 72 h of transfection, the activity of LDH enzyme release by the cells was assayed by measuring the absorbance at 490 nm (485 nm) in a plate reader (EnVision Multilabel Reader -Waltham, MA, USA) within 1 h after addition of the stop solution.
Statistical analysis
An unpaired t-test or a multiple comparison Anova test with Bonferroni correction were carried out using GraphPad software (GraphPad Software, La Jolla, CA, USA). The statistical test performed in each experiment is reported in caption.
Molecular modeling and molecular dynamics simulations
Molecular Dynamics simulations were performed on two sets of different structures: the experimental X-ray structure corresponding to the segment 370-375, with sequence GNNSYS in its amyloidal form which was reported very recently by Eisenberg's laboratory (42) , and an analogous molecular model in which the sequence was shifted one residue (i.e., 371-376, corresponding to the segment with sequence NNSYSG). The first model (GNNSYS) was downloaded from the PDB (5wia), and the structure of NNSYSG was modeled using ZipperDB (43) . This second model was found to be more appropriate to conduct analyses on the S375G mutant, as explained in the Results section. Accordingly, we used the mutation tool implemented in PyMOL to generate S375G and S375E variants from the NNSYSG fibrillar assembly.
In all simulations, all the above structures were explicitly solvated using TIP3P water molecules (44), pre-equilibrated at 1 atm and 300 K, and then individually submitted to 50-ns molecular dynamics simulations. All these calculations were carried out using the GROMACS package (45, 46) , using the amber99sb-ildn force field (47) , and the set of parameters reported in Mompeán et al, (48) which was shown to satisfactorily describe fibrillar assemblies very similar to the ones we study here. Snapshots from all the MD trajectories were extracted as PDB files every nanosecond in order to measure Cα-Cα distances between the different β-strands throughout the simulations, which serve as an indicator of the structural integrity of the distinct assemblies over time.
RESULTS
Patient characteristics
A woman was diagnosed with ALS at the age of 22 and died at 26. ALS in distant relatives was documented. The Supporting Information includes the clinical history of the patient as well as the description of the neuropathologic findings in the patient. Of particular interest was the observation that the patient carried a S375G change in the TARDBP gene (Supplementary Figure S1) . No C9ORF72 expansion was identified.
TDP-43 neuropathology
In the primary motor cortex, numerous neurons and glial cells contained intracytoplasmic inclusions, that were immunolabeled using TDP-43 antibodies. The upper and lower cortical layers were both involved ( Figure 1A ,B). Fine TDP-43 immunopositive threads were observed in the neuropil ( Figure 2A ). Neurons containing TDP-43 inclusions were more numerous than glial cells. Astrocytes and oligodendroglial cells were involved. In the subcortical white matter, adjacent to the primary motor cortex, numerous oligodendroglial cells contained TDP-43 immunopositive intracytoplasmic inclusions ( Figure 2B ). A much lower involvement was observed in other cortical areas. In the subcortical gray nuclei, the putamen was more affected than caudate nucleus, globus pallidus, thalamus and subthalamic nucleus ( Figure 2C,D) .
In the cerebellum, rare Purkinje cells had TDP-43 immunopositive cytoplasm ( Figure 2I ). In the brain stem, most involved were the nuclei of the hypoglossus, vagus nerve and inferior olive. The substantia nigra and the tectal nuclei were less involved ( Figure 2E ,F, and G). In the spinal cord, TDP-43 inclusions were present in numerous oligodendroglial cells but less frequently seen in neurons ( Figure 2H ).
FUS-immunoreactive cytoplasmic inclusions were occasionally seen in neurons and glia in the primary motor cortex, putamen, subthalamic nucleus, red nucleus, inferior olivary nucleus and spinal cord neurons (results not shown.) The neuronal inclusions have a compact appearance. No immunoreactivity to beta-amyoid, tau or alpha-synuclein was seen in the central nervous system.
Genetic analysis
DNA analysis of frozen brain tissue by direct sequencing revealed an AGT>GGT point mutation in the TARDBP gene (Supplementary Figure S1) . This mutation is predicted to lead to the substitution of serine for glycine at residue 375 (S375G). A C9ORF72 expansion was not identified. PhosphoTDP-43 immunohistochemical expression in the S375G patient brain compared to total TDP-43 expression levels Based on the availability of numerous fixed and frozen CNS regions sampled from this ALS case, it was possible to compare the expression levels of pTDP-43 ( Figure 3A ) in neurons/ glia with total TDP-43 mRNA expression ( Figure 3B ). The aim was to determine whether pTDP-43 expression levels in ALS correlated with total TDP-43 expression levels.
As shown in Figure 3 , this comparison reveals marked differences in the analyzed brain regions. As expected, most of the pTDP-43 staining was concentrated in the areas affected by the disease, such as the Primary Motor Cortex and the Spinal Cord (49, 50) . Interestingly, pTDP-43 pathology was also prominently detected in the glia of the Subthalamic nucleus, although previous reports found no evidence of pTDP-43 signal in this area (50, 51) . Also of interest was the absence of pTDP-43 pathology in the hippocampus, where TDP-43 pathology has been reported by several groups (52) . In contrast, TDP-43 total mRNA expression levels were rather constant in all the analyzed regions with few exceptions, especially in the dentate nucleus (cerebellum) where expression levels were considerably higher than in the other tissues. These mRNA expression data were confirmed by western blot analysis that showed an increased expression of TDP-43 in this region ( Figure 3C ). Compared to normal brains, it is interesting to note that the TDP-43 expression pattern found in the S375G carrier is apparently similar to normal TDP-43 expression profiles in healthy brains as reported by two different databases of gene expression profiling: the Genotype-Tissue Expression pilot analysis (53, 54) and BioGPS (55) . In both databases, in fact, the levels of TDP-43 mRNA seemed to be A. Levels of pTDP-43 expression in the neurons and glia of different brain regions. After a low power scan, three noncontiguous microscopic fields were examined at 40x magnification using an Olympus BX41 brightfield microscope and averaged for the count. A nucleus had to be recognized for the count. B. Total TDP-43 mRNA expression in different brain regions of ALS S375G patient as measured by RT-qPCR. Three independent experiments were analyzed and both relative expression and standard deviations are shown for each region. The brain regions that were not available in sufficient amounts for RNA extraction are reported as not available (N.A.). C. Western blot analysis of patient samples that were in sufficient quantity to extract proteins. The expression levels of total TDP-43 were determined using the Proteintech antibody. Tubulin was used as a loading control. comparable in most of the analyzed brain regions with a slight increase only in the cerebellar area.
Intracellular localization of S375G and of the adjacent G376D, N378D and Y374X TDP-43 disease-associated mutants Based on the results described above, we investigated whether the S375G substitution could induce alterations in the intracellular localization of TDP-43 in comparison with that of the wild-type protein or with respect to the localization of TDP-43, occurring in association with disease-associated variants located closely to S375G. In particular, we focused on the G376D and N378D substitutions, previously described, but not well characterized, in a various studies (11) .
The subcellular distribution of all the TARDBP mutants was investigated in HeLa cell lines. It is shown that endogenous wild-type TDP-43 is predominantly nuclear, with a lower abundance in the cytoplasm, due to the continuous shuttling of this protein between the two compartments ( Figure 4A and Supplementary Figure S2) (56) . While the G376D and N378D substitutions did not significantly affect the distribution of TDP-43 which remained prominently nuclear, in the S375G variant the distribution of TDP-43 was significantly more nuclear than in any other mutants. As for the wild-type protein, only 10% of it was present in the cytoplasm ( Figure 4A and Supplementary Figure  S2 ). This result was confirmed by nucleo-cytoplasmic fractionation followed by western blot against the wild-type and S375G mutant proteins ( Figure 4C ). In view of this difference, we experimentally tested the splicing functionality of the mutants using an add-back assay previously set up to study the TDP-43 structuresplicing function correlation (39) . This assay is based on a minigene system carrying CFTR exon 9, that includes a mutation in a splicing enhancer element within its sequence to obtain a 50/50 ratio of exon inclusion/skipping (Supplementary Figure S3, lane 1) . This method provides an optimal condition to monitor whether a change in TDP-43 structure can result in either a loss-of-function (less exon 9 skipping) or a gain-of-function effect (more exon 9 skipping). In this system, when endogenous TDP-43 is removed from the cells by siRNA treatment, the levels of CFTR exon recognition substantially increase to almost 80% (Supplementary Figure S3, lane 2) . Conversely, splicing inhibition can be fully rescued following expression of a si-resistant wild-type TDP-43 protein (Supplementary Figure S3, lane 3) but not when a siresistant F4L TDP-43 mutant, that cannot bind RNA due to mutations in the RRM1 and RRM2 domains is expressed at comparable levels (Supplementary Figure S3, lane 4) . Then, we tested the effect of si-resistant S375G, G376D and N378D TDP-43 variants. In all these mutants, however, we observed that exon 9 splicing was inhibited similarly to the si-resistant wild-type TDP-43 (Supplementary Figure  S3 , compare lane 3 with 5-7).
In ALS patients carrying TARDBP mutations, in addition to missense mutations, the Y374X is the only truncation mutation described to date (11) . The functional significance of this mutation is not known, except for the fact that it has been described to impair binding of TDP-43 to the PPI/CypA factor (57) . Although this type of mutation cannot be compared to missense mutations, we also investigated the effects of Y374X both with regard to its nuclear localization and to its functional impact (in add-back splicing assays). The results showed that the localization of TDP-43, associated with Y374X, is comparable to that of wild-type TDP-43 (i.e., predominantly nuclear) and that the absence of the last 40 residues does not alter significantly its splicing ability (Supplementary Figure S4) . 
Cytotoxicity of TDP-43 mutants
Next, we examined whether the S375G, G376D, N378D and Y374X substitutions can increase cellular toxicity, as several mutations have been shown to be toxic when expressed in various animal models of ALS, from yeast to zebrafish (58, 59 ) and patient-derived iPS cell lines (60) . To perform this analysis, HeLa cells were transiently transfected with the flagged TDP-43 vector, either wild type or carrying all these substitutions. In all transfected cells, western blot analysis against total TDP-43 showed that the flagged wild-type and mutant proteins were expressed at similar levels 48 h post-transfection ( Figure 5D ). Note that as it lacks 40 residues the Y374X truncation mutant has the same electrophoretic mobility of the unflagged endogenous protein. The medium was collected after 24, 48 and 72 h and lactate dehydrogenase (LDH) levels were measured for each time point. Importantly, compared to cells transfected with wild-type TDP-43 the LDH levels after 24 hrs were not different in any of the mutants ( Figure 5A ). On the other hand, the expression of the S375G, G376D and Y374X mutants caused a significant citotoxicity after 48 h ( Figure 5B ) and the N378D mutant showed a toxic effect after 72 h ( Figure 5C ).
Functional effects of mimicking post-translational phosphorylation at the S375 position
Previous in vitro studies have shown Serine-375 phosphorylation by CK1 (61) . Furthermore, a recent mass spectrometry analysis of TDP-43 post-translational modifications in two brains of ALS patient has highlighted the phosphorylation of this residue in both cases (62) . Therefore, the replacement of serine with a glycine should prevent the phosphorylation at position 375. To test the potential effects of phosphorylation at this position, we prepared a phosphomimic mutant of TDP-43 (S375E) and analyzed TDP-43 immunolocalization inside cells.
As shown in Figure 6A , immunohistochemistry analysis showed that, contrary to what happens with the S375G variant, the localization of the S375E mutant protein is not confined to the nucleus, but is present in the cytoplasm. The toxicity of the S375E substitution was comparable to that of the S375G variant ( Figure 6B ). Add-back experiments carried out to tentatively correlate mislocalization with CFTR exon 9 splicing alteration showed that there was no significant difference from wild-type TDP-43 ( Figure 6C ). This result suggests that the amount of TDP-43 persisting in the nucleus is sufficient to drive correct splicing of the transfected minigene (at least within the limits of this kind of assay).
Treatment with Arsenite has been reported to efficiently induce the inclusion of TDP-43 in stress granules (63, 64) and this event seems to be a major feature toward aberrant aggregation of this protein in patient brains (65) . Therefore, considering the higher propensity of S375E to be localized in the cytoplasm, it was interesting to see whether this change could be enhanced by Arsenite treatment. As shown in Supplementary Figure S5 , the S375E was even more pronoucedly localized in the cytoplasm following Arsenite treatment, while S375G seemed to remain mostly unaffected and still predominantly localized in the cytoplasm.
Molecular modeling analysis of the effects of the pathological S375G and phosphomimetic S375E substitutions on the propensity of β sheet formation in this TDP-43 segment
To gain insights, at a near-atomic level, about the effects of S375G and S375E on TDP-43 structure, we employed Molecular Dynamics (MD) simulations to study the structural integrity of the WT sequence with respect to the S375G mutant in the corresponding amyloid-like assemblies. To this end, we first selected two segments containing the WT target region; namely, G 370 -NNSYS 375 and N 371 -NSYSG 376 . Although a crystallographic structure has very recently been reported for fibrils with the former sequence (G 370 -NNSYS 375 ) (42), S375 lies right at the edge, at the C-terminal position of the sequence and therefore, the impact of the S375G substitution is difficult to ascertain in the context of this structure. The investigators, that solved this structure, used the ZipperDB server (43) to identify the self-assembly properties of the G 370 -NNSYS 375 segment; thus, we used the same tool to generate a model for N 371 -NSYSG 376 , in which the target residue 375 does not lie at the edge of the sequence. Interestingly, we found that the predicted G 370 -NNSYS 375 assembly differs significantly from the experimental structure. In contrast, we found that side chains in the predicted model for N 371 -NSYSG 376 display orientations very similar to those observed in the crystallographic structure of G 370 -NNSYS 375 (Supplementary Figure S6) , which strongly suggests that similar stabilizing interactions are present. Should a fibrillar assembly made up by N 371 -NSYSG 376 display a similar structural stability as the experimental structure of G 370 -NNSYS 375 , the former would be a more reliable model to analyze the impact of S375G because the mutation would not occur at the edge residue. To test this premise, we performed MD analyses of both the experimental G 370 -NNSYS 375 and modeled N 371 -NSYSG 376 structures. As expected from the similar side chain orientations, both display a remarkable structural stability (Supplementary Figure S7) . Therefore, we selected the N 371 -NSYSG 376 model to study the impact of S375G on TDP-43 assembly.
Next, we performed MD simulations on N 371 -NSYGG 376 , that is, the S375G variant. Figure 7 shows the structures corresponding to the beginning (time 0) and the end (time 50 ns) of the simulations, as well as Cα-Cα intra-β-sheet distances measured throughout the course of the simulations. The results indicate that both WT and S375G exhibit high structural stability, which we interpret as the ability to S375G to maintain amyloid-like assemblies similar to those of the WT sequence.
In contrast, the assembly formed by the N 371 -NSYGE 376 variant dissociated ( Figure 7C ). We attributed its instability to a strong electrostatic repulsion induced by juxtaposed Glu side chains. In the RIPK1-RIPK3 functional amyloid, this type of mutation in the amyloid core destabilizes the structure and prevents amyloid assembly (66) . In FUS fibrils, phosphorylation has been shown to disrupt liquid droplet formation (67) . These results in aggregate support the idea that phosphorylation of S375 might be a key aspect of TDP-43 assembly and nuclear localization.
Identification of other phosphomimic mutants near Serine 375 that might also contribute to affect the nuclear cytoplasmic localization of TDP-43
In order to determine whether the above results reveal a peculiar feature of Serine 375 or also of other Serine residues in the C-terminal domain of TDP-43, we looked at the prevalent distribution of phosphorylation sites described in the TDP-43 C-terminal domain. As shown in Supplementary Table S1, phosphorylation has been A. The overexpressed proteins were visualized using anti-Flag polyclonal antibody in a 100 nm/pixel field. Scale bar = 10 μm. The graph in the lower panel reports the immunofluorescence intensity ratio between cytoplasms and nuclei of transiently transfected S375G and S375E. B. Analysis of S375G and S375E mutants' toxicity. The LDH levels released in the media were measured at 24 h and 48 h after cells transfection with the indicated constructs. Data from three separate experiments were analyzed by multiple comparison one-way ANOVA, followed by Bonferroni's posthoc analysis (**P < 0.001). C. QIAxcel analysis of CFTR exon 9 inclusion upon expression of wild-type and S375E variants. The pTB CFTR exon 9 C155T reporter minigene was transfected in HeLa cells following the knockdown of the endogenous TDP-43 protein. After RT-PCR amplification with minigene-specific primers, the levels of CFTR exon 9 inclusion (Ex 9+) were measured in each sample using the QIAxcel system (upper panel). The changes in CFTR exon 9 inclusion relatively to added-back wild-type TDP-43 (WT) were then measured following the addition of siRNA-resistant wild-type TDP-43 (WT), an RNA-binding impaired mutant (F4L) and the S375E variant (middle panel). The two lower panels show western blots carried out using a polyclonal against TDP-43 and tubulin to check for silencing efficiency of the endogenous protein (enTDP) and comparable transgene expression (flagTDP). Results from three biological triplicates (three individual transfection experiments) are reported in the graph, below with standard deviations and p-values.
consistently observed to occur for a series of Serine residues at positions S242, S305, S387-389-393-395 and S404 in addition to S375 (61, 62) ( Figure 8A ). As shown in Figure 8B ,C, introduction of a phosphomimic mutation in these sites caused a significant reduction of the nuclear localization for S375E and especially for the S387E-389E-393E-395E (S387-395E) TDP-43 mutants, as quantified in Figure 8D . This result suggests that the potential phosphorylation events in the region surrounding the residue serine 375 could be critical for the control of TDP-43 intracellular redistribution.
DISCUSSION
Genetically determined ALS may occur in association with mutations in the TARDBP gene. We have studied clinically and neuropathologically a case of early onset ALS in a Caucasian woman and found a AGT>GGT change in TARDBP resulting in a S375G substitution in the C-terminal region of TDP-43. The potential role of this mutation in the pathogenesis of ALS was investigated through the analysis of TDP-43 neuropathology and experiments of genetic engineering. TDP-43 intracytoplasmic inclusions revealed the aberrant localization of the protein in neurons and glia in multiple anatomical regions of the CNS. It was also noted that in spite of the fact that FUS gene mutations were not found in the genomic DNA of the ALS patient, both neurons and glia occasionally contained intracytoplasmic inclusions of FUS, another RNA-binding protein. Such finding has also been previously reported in association with mutant TARDBP (68).
Although relatively rare, TARDBP mutations provide important conditions that allow to understand the potential pathogenetic links between TDP-43 and neurodegenerative disease (11) (12) (13) (14) (15) (16) (17) . Furthermore, there is a growing number of published intronic and exonic variants in TARDBP sequences, whose significance is currently unknown (http://www.ensembl.org). Clarifying the role of these variants in relation to disease may have important consequences for clinical counseling purposes. Recently, a few studies have started addressing the issue of comparing TDP-43 variants of uncertain significance such as A90V with well-characterized disease-associated mutations in order to better evaluate whether these changes might be considered a low-or high-risk factor for developing TDP-43 proteinopathy (69) . In addition to A90V, there are also several other variants (i.e., S375G) that are currently listed in ALS databases as tolerated/ benign. However, the discovery of this variation in a very early onset case of ALS suggested that this missense change might actually represent a pathological mutation. From a biological point of view, this variation is very interesting as it has the potential to remove a possible phosphorylation site from the C-terminus of the protein.
As recently reviewed, phosphorylation is one of the major posttranslational modifications of TDP-43 that has been described to affect protein function both in healthy and disease conditions (70) . Indeed, aberrant TDP-43 phosphorylation at residues S409/410 is one of the major distinguishing features of TDP-43 pathology (49, (71) (72) (73) (74) .
Regarding this issue, one important conclusion that can be drawn from our study is that there is no correlation between the abundance of TDP-43 protein expression in different brain regions and the pathological S409/410 pTDP-43 immunoreactivity. Moreover, new evidence suggests that in physiological conditions TDP-43 phosphorylation can contribute to change its RNA-binding properties following heat shock (75) and can profoundly affect its oligomerization within cells (76) . In our work, we also show that a S375E phosphomimetic displays altered cellular properties and toxicity, raising the possibility that reversible phosphorylation at this position may play an important role in regulating TDP-43 self-association through its C-terminal domain. It should be noticed that no increased aggregation of S375E was apparent from our results but further studies are needed to better address this issue. (S387-395E) and S404E flag-tagged TDP-43 mutants in HeLa cells. The overexpressed proteins were visualized using anti-Flag polyclonal antibody in a 100 nm/pixel field. Scale bar = 10 μm. D. Shows a quantification of nuclear-cytoplasmic staining intensity for all these mutants. Statistical analysis was performed using multiple comparison 1-way Anova test with Bonferroni's correction (*P < 0.05; **P < 0.001).
Whereas, intrinsically disordered proteins are typical rich in charged residues, TDP-43's C-terminal domain is remarkably poor; it only contains only one Asp, two Glu, two Lys, five Arg and one His residues; with a net charge of about +4 at pH 7.4. This scarcity of charged residues makes the C-terminal domain very sensitive to solution conditions. Even slight changes in pH dramatically reduce electrostatic repulsion producing soluble to aggregative phase changes (77) . In keeping with this view, alternations in temperature, salt concentration and RNA concentration induce TDP-43 CTD microdroplet formation: that is, reversible liquid phase/ phase separation (21, 78) . This process is mediated by interactions contributed by the partially populated hydrophobic helix (formed by residues 320-340) and a series of aromatic residues; namely: F276, F283, F289, F315, F317, W334, Y374, W385, F401 and W412, scattered throughout the CTD (78) . In addition, RNA-binding has been recently shown to modulate microdroplet formation by TDP-43 and other hnRNP proteins; moderate RNA concentrations, such as those found in the cytoplasm, promote liquid microdroplet formation, whereas higher concentrations, akin to those present in the nucleus, lead to microdroplet dissolution (79) . The formation of these microdroplets is a physiological event, as it enables TDP-43 and its associated mRNAs, to bind to stress granules under certain conditions. However, an excess tendency to form microdroplets could be detrimental considering their proposed role in the amyloid formation of the protein FUS/TLS (80), a protein whose functions and domain structure show similarities to TDP-43 and whose aggregation has also been linked to ALS and FTD.
Bearing all these considerations in mind, the S375G mutation and the loss of this phosphorylation site could affect these processes in different ways. Very recently, the X-ray crystal structures of amyloid-like structures formed by several short segments of TDP-43's C-terminal domain have been reported, including one segment which contains S375 (42) . Our molecular dynamics simulations reported here show that phosphorylation of S375 would strongly destabilize this amyloid-like structure and produce its dissociation. However, it is quite possible that this segment is not the one which forms the pathologically relevant amyloid. In fact, our previous findings put the spotlight on the Q/N-rich segment composed of residues 341-367 (81), the residues which follow the hydrophobic helix formed by residues 320-340. A peptide corresponding to the segment is capable of forming an amyloid-like structure in vitro (82, 83) . Like TDP-43, Huntingtin (84) and the Androgen Receptor (85) also have hydrophobic helices followed by Q/(N)-rich segments which are implicated in pathological amyloid formation.
Taken together, the S375G mutation could affect amyloid formation by the 341-367 segment in at least two different ways. First, phosphorylation would add two negative charges at pH 7.4, which would lower the net charge from +4 to +2, thus potentially reducing the electrostatic repulsion and favoring self-association processes (either microdroplet formation or aggregation). Secondly, this additional negative charge could potentially weaken the interaction with RNA, which might lead to less microdroplet formation in the cytoplasm where the RNA concentration is lower. Considering that S375 is adjacent to Y374, which favors microdroplet formation, these effects could be magnified. Although the relative importance of these distinct effects is still unresolved, it is clear that the balance between aqueous phases vs. distinct microdroplet phases is finely regulated and that mutations such as S375G that upset this balance could lead to disease.
In conclusion, our work raises the important need for a future comprehensive analysis of many seemingly benign genetic variations, which are increasingly uncovered by the numerous studies, that are directed to population screening in the area of neurodegenerative diseases.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web site: Figure S1 . In the patient, DNA analysis identified a novel S375G (AGT>GGT) change in a mutational hot spot in the TARDBP gene. This change is predicted to lead to posttranslational modifications due to the potential loss of a phosphorylation site. No C9orf72 expansion was detected. Figure S2 . This graph shows the number of counted transfected cells (16) and the TDP-43 protein localization between nuclei and cytoplasm for the WT pFlagSiR plasmid; for the S375G mutation, and for the G376D and N378D mutations. Predicted structure for G 370 NNSYS 375 using ZipperDB. All Ser residues are exposed to the solvent (upper left and lower right, Ser in stick representation), whereas Asn residues meet at the inter-sheet interface (right, Asn in stick representation). B. Experimental X-ray structure of G 370 NNSYS 375 . Side chain orientations are drastically different from the predictions shown in panel A: serine residues meet at the inter-sheet interface (left figure, Ser in stick representation), and are also on the edges, where they face juxtaposed Asn residues (right figure, both Ser and Asn in stick representation). C. Predicted structure of N 371 NSYSG 376 using ZipperDB. The structure of this segment resembles that of the experimental amyloid shown in B: serines meet at the intersheet region and also interact with Asn residues at the edge of the motif. Snapshots corresponding to the initial (left: time 0, in green) and final (middle: 50 ns, in cyan) time points of independent MD simulations are shown. Superposition of the structures at both times is shown to emphasize the stability (right). As illustrated in Figure S6 , these two structures display very similar side chain orientations, which strongly encourages the use of N 371 NSYSG 376 to model mutations at S375. Table S1 . This Table reports the TDP-43 phosphorylation sites as determined by in vitro phosphorylation assay and by mass spectrometric analysis of TDP-43 derived from two patient aggregates (ALS P1 and P2) as reported in two previous studies (1, 2) . Phosphorylation has been consistently observed to occur for a series of Serine residues at positions S242, S305, S387-389-393-395 and S404 in addition to S375 (highligthed in yellow).
